Decontamination processes always generate large volumes of secondary waste. As a result, strong demand for new technologies capable to remove radionuclides and recycle the residue, thus minimizing the amount of waste, is required. In this case, ionic liquids offer reasonable potential of various ways how to separate and concentrate radionuclides directly and with additional recycling option. A model experiment was performed for cobalt extraction from systems simulating selected aspects of spent decontamination solutions by using various ionic liquids and dissolved extractant. Based on the results, a two-step separation method consisting of extraction followed by electrodeposition using an extractant dissolved in ionic liquid phases was suggested, which represents a promising system for recycling of decontamination solutions and thereby reduction of the respective waste.
Introduction
Before any adjustments, maintenance, control or decommissioning of the nuclear equipment, decontamination must be performed in order to reduce radiation fields and in this way to minimise the radiation exposure of the persons involved in the process and of the population afterwards. Numerous various mechanical, chemical or electrochemical methods have been proposed for decontamination but the problem of secondary radioactive waste generation and management remains open.
The major volume of the secondary waste is usually represented by liquid waste that contains low activities of the radioactive substances (usually types of ILW or LLW). Technologies for the treatment of such liquid radioactive wastes are therefore focused to remove radionuclides from the bulk of the liquid and to concentrate the radioactivity in a small volume for subsequent conditioning and disposal, and/or recycle the residue.
In the last decades, ionic liquid (IL) chemistry has become an open and promising field due to the specific properties of these solvents that cannot be achieved by conventional molecular solvents. Among their main advantages belong thermal and radiation stability [1, 2] , enhanced selectivity, low vapour pressure when compared to volatile organic compounds (VOC), recycling possibility, synergistic behaviour, and possible application as solvent for agents providing high separation factors. These typical properties are advantageous towards the field of radioactive waste treatment and radionuclide separations [3] [4] [5] . The metal-ion partitioning in ionic liquid-based extraction systems exhibits high complexities and the designability. Considering the above advantageous properties, the use of ILs in liquid-liquid extraction seems to be a very promising way for the separation of metals and radionuclides in the solutions resulting from the processes of decontamination and decommissioning or treatment of an industrial waste.
Reasons and objectives
Extraction of radionuclides into ionic liquids is a relatively simple procedure in preparation but very complicated in deeper description and evaluation. In this scope, the aims were as simple as possible to describe extraction conditions for reproducible extraction of a corrosion product, while 1 3 compositions of the respective phases-aqueous and ionic liquid one-will be tested and optimised. In such first tests, a solution of chelate extractant in the ionic liquid was used to examine the behaviour of the suggested system and its potential for further recycling processes.
Experimental

Liquid-liquid extraction
Organic phase was prepared as follows:
Six different ionic liquids were tested as the organic phase: All of them were purchased from Iolitec, Germany (high-purity grade, 99%). For representative properties see Table 1 . For the comparison and as a classic VOC representative, chloroform (Spolana n.p. Brno, pure) was used. As a result of screening experiments, 8-hydroxyquinoline (8-HQ) (Lachema Brno, p.a.) was selected for further extraction experiments as most versatile extractant, used in various concentrations (0.01-0.5 mol L −1 ). Organic phase was prepared by dissolving of an appropriate amount of 8-HQ in respective ionic liquid or chloroform.
According to the studied parameter influencing the cobalt extraction, aqueous phase consisted of: The aqueous phase was spiked with stock solution of 60 Co in 0.001 M HNO 3 prepared from commercially available radionuclide solution of carrier-free 60 CoCl 2 in 0.5 M HCl, with reference activity A = 37 MBq (reference date 30.11.1999, distributor Polatom). In the first part of extraction experiments, no carrier was added, then for extraction-electrodeposition experiments combined, CoCl 2 ·6H 2 O (Lachema n.p., Brno, pure) was used as the isotopic cobalt carrier.
Equal volumes (1 mL) of both phases were contacted and shaken for 30 min at laboratory temperature. Aqueous and organic phases were then separated by centrifugation (5 min at 700 RCF). Aliquots of 750 μL of both phases were taken and measured by well-type 2′′ NaI(Tl) scintillation detector connected to TESLA 3102 single channel counter. The equilibrium pH value (pH eq ) of aqueous phase was measured after extraction. The D values were calculated as the ratio of net count rates of the measured nuclide in the aqueous and organic phases. Equation (1).
where c org , c aq are concentrations and I org , I aq net count rates in the aqueous and organic phases, respectively. The maximum and minimum determinable distribution ratios, D max and D min were calculated using count rate limits of detection for each experimental set [7] .
The uncertainty of the distribution ratios was evaluated as a combined uncertainty of the statistics of the measurement and pipetting and it did not exceed 5% in all experiments.
Electrodeposition
For electrochemical characterization of Co behaviour in [C 4 mim][NTf 2 ] ionic liquid, cyclic voltammetry . After phase separation, 2 mL of organic phase was placed into electrolytic cell. The potential was set at − 1.4 V versus Pt and it was applied for 7200 s. The layer formed on the Pt working electrode surface was analysed by SEM/EDAX. During the demonstration experiment with 60 Co, 750 µL aliquots of the ionic liquid phase were measured by well-type NaI(Tl) scintillation detector before and after the electrolysis.
Results and discussion
To find the optimum conditions for the extraction of radionuclides of interest from the aqueous solutions to ionic liquid medium was of the main interest. Several parameters strongly influencing the efficiency of extraction (pH of aqueous phase, different type of ionic liquids, the composition of organic phase, concentration of extractant and presence of organic complexing agents in aqueous phase) were studied in details. The conditions for re-extraction by electrodeposition were tested as well.
Extraction with pure ionic liquids
A set of experiments were performed to test the possibility of the extraction with pure ionic liquids without any addition of extraction agent. Distribution ratio of Co in the pH range from 0 to 8 was studied; concentration of HNO 3 varied from 0.001 to 1.5 mol L −1 , while the pH values above 6 were adjusted by using phosphate buffer. were used as an organic phase, chloroform was chosen for the comparison. As can be seen from the graph, even when no extractant was present weak extraction was observed at higher pH values. The highest values of distribution ratio (0.3-1.7) were achieved at pH ~ 8 using IL with short alkyl chains ( Fig. 1 ).
Extraction with chelating agent added
Because of this low extraction, the miscibility of several well-known extractants in ionic liquids was tested and 8-hydroxyquinoline was later on selected from this screening. Its solutions in ionic liquids in concentration of 0.1 mol L −1 were used for extraction in the tested pH range 0-8. For the comparison, the same 8-HQ concentration in chloroform was used.
In the graph (Fig. 2) , can be clearly seen classical behaviour of chelate extraction, the pH 1/2 value (pH when 50% extraction was achieved) ranges from 2.6 to 3.5 for all of the organic phases used. Extraction higher than 99.7% was The observed dependence of distribution ratio of cobalt extraction into IL on equilibrium pH value seems to be quite straightforward and the trend is matching its extraction into chloroform media, but achieving better values.
Concentration of 8-hydroxyquinoline
Concentration of extractant in [C 4 mim][NTf 2 ] was tested in the range from 0.01 to 0.5 mol L −1 . As can be seen from the graph (Fig. 3) with increasing concentration of 8-HQ, the value of pH 1/2 is shifted to more acidic area (from 4.5 for 0.01 M 8-HQ to 2.5 for 0.5 M 8-HQ), which in general way correspond to the classical theory of extraction of chelates.
Influence of organic complexants
Oxalic and citric acid and their mixture were used as the aqueous phase to test the possibility of extraction of radionuclides from complexing environment. These organic acids or their mixture represent a main part of most of the decontamination solutions. The results of extraction performed from two different concentrations of organic acids (0.01 or 0.005 mol L −1 ) or their mixture into 0.1 or 0.5 M 8-HQ solution in [C 4 mim][NTf 2 ] or in chloroform are shown in Table 2 . Comparing the extraction percentage, the best results were achieved with higher concentration of 8-HQ in [C 4 mim][NTf 2 ]-more than 99.8% of cobalt was extracted from the aqueous mixed solution of oxalic and citric acid.
Electrodeposition
As mentioned above, the electrochemical characterisation of [C 4 mim][NTf 2 ]/Co 2+ system was done by cyclic voltammetry measurement on Pt working electrode. The cyclic voltammogram can be seen in Fig. 4 . Two reduction peaks can be observed at − 1.2 V and − 1.4 V respectively. It is in agreement with results obtained by [8] . While the smaller peak can be attributed to the reduction of ionic liquid ligand, the main cathodic peak at − 1.4 V versus Pt corresponds to two-electron exchange and the reduction of Co to its basic state. However, small anodic counter-peak suggests that Co 2+ /Co redox couple is not fully reversible. Similar phenomenon was described by [9] for cobalt-containing imidazole ionic liquids with [NTf 2 ] − anion. According to the above publication, it can be explained by formation of certain amount of nano-scale cobalt particles which are then stabilized and enclosed by IL ligands, therefore isolated from electrode surface in terms of electric contact and anodic effect is connected to the oxidation of thin cobalt surface layer only (see the description of electrolytic experiment below). Nevertheless, cyclic voltammetry shows the possibility of cobalt separation from the ionic liquid by its electrodeposition on inert electrode. The potentiostatic electrolysis was used to cobalt electrodeposition on the electrode surface. Electrolyte for this experiment was prepared with extraction procedure described above when more than 99.6% of cobalt was extracted from the aqueous phase containing citric and oxalic acid mixture into the organic phase. After 7200 s of electrolysis at the potential of − 1.4 V (vs. Pt), the electrode was washed and taken for electron microscopy analysis. SEM/EDAX at three different magnifications showed regular and compact deposit of spherical particles of sub-micro or even nano (< 300 nm) scale (see Fig. 5 ) in agreement with [9] (see the text above). The activity measurement revealed that more than 99.8% of initial Co amount was deposited on the electrode, which gives a decontamination factor > 500. This is a promising number for any decontamination procedure, beyond that resulting in re-usable ionic liquid.
Suggested decontamination procedure
The main aim of this work was to propose and test the idea of the new efficient separation method based on recycling of used chemicals. In the experiments above it was shown that extraction of cobalt to the ionic liquid phase provides better extraction and thus a synergistic effect compared to chloroform solution of the chelate extractant is used. In addition, the used ionic liquid phase provided a suitable electrochemical window wide enough for electrodeposition of cobalt directly to the metallic state in one step. Hence, two-step separation method consisting of extraction of radionuclides from the solutions containing oxalic and/or citric acids-organic complexing agents which are usually present in decontamination solutions-by using the solution of 8-HQ in [C 4 mim][Ntf 2 ] followed by the separation of radionuclides from ionic liquids by electrodeposition could be designed. The simple scheme of the whole procedure is shown in (Fig. 6 ). 
Conclusions
The results achieved in the above described experiment may be summarized as follows:
• Two-step separation method consisting of extraction of Co into the solution of ionic liquids with extractant and electrodeposition of extracted 60 Co from the ionic liquid and its concentration on the electrode was proposed and successfully tested. • Parameters influencing the extraction such as pH of aqueous phase, concentration of extractant, presence of organic complexing agents, ionic liquids composition, and electrodeposition in potentiostatic mode were studied. • In the proposed system, cobalt is practically fully extracted from pH > 2.5, which gives reasonable pH interval for decontamination of solutions of weak organic acids. • Extraction of 60 Co from aqueous solution containing organic complexing agents to ionic liquid media was successfully tested. • Separation of 60 Co by electrodeposition was successfully performed and more than 99.8% of Co was deposited on the working electrode, thus providing decontamination factor of at least 500.
• Ionic liquid was recycled and can be further used.
The use of the solution of ionic liquids with extractant seems to be promising way for separation of metals and radionuclides present in solutions containing organic complexing agents resulting from the processes of decontamination and decommissioning or treatment of an industrial waste. 
